Summary. The effects of acute cardiac failure induced by pentobarbital or pronethalol on the basic mechanical properties of the intact left ventricle were examined in the dog, and the influence on auxotonic and isovolumic contractions of the increase in end-diastolic volume that usually accompanies cardiac failure was assessed. The right heart bypass preparation was employed, and isovolumic beats were induced by sudden balloon occlusion of the aortic root. The ventricular pressure-volume curve was determined directly, and the mechanical responses of the myocardial fibers and contractile elements were calculated.
pronethalol on the basic mechanical properties of the intact left ventricle were examined in the dog, and the influence on auxotonic and isovolumic contractions of the increase in end-diastolic volume that usually accompanies cardiac failure was assessed. The right heart bypass preparation was employed, and isovolumic beats were induced by sudden balloon occlusion of the aortic root. The ventricular pressure-volume curve was determined directly, and the mechanical responses of the myocardial fibers and contractile elements were calculated.
When end-diastolic pressure was held constant, failure reduced the extent of circumferential fiber shortening, and the tension-velocity relation calculated during isovolumic beats was always shifted, with reductions in both maximal velocity (average decrease 30%) and maximal developed tension (average 23%); in addition, during failure achievement of maximal contractile element velocity and maximal tension was delayed, whereas the total duration of contraction was always prolonged. Acetylstrophanthidin tended to reverse all of these changes. When end-diastolic volume was augmented during failure at a constant stroke volume, the extent of circumferential fiber shortening was reduced (3.82 cm to 2.02 cm), and during ejection the fiber and contractile element velocities were diminished at wall tensions comparable to control; maximal velocity and velocity at peak tension were also decreased. The tension-velocity relation during isovolumic beats was shifted by failure with consistent reductions in maximal shortening velocity, but changes in maximal tension were small. Maximal instantaneous power was always reduced by failure, and a striking alteration occurred in the relation between work expended in stretching the series elastic component and the external Introduction analysis in terms analogous to those which describe The pattern of left ventricular contraction in the mechanical properties of isolated muscle.
cardiac failure has not been subjected to detailed ROSS, COViLL, AND SONNtNBLICK Previously, attention has centered primarily on the changes in intracardiac pressure and external cardiac work that accompany heart failure, measures that do not provide direct information concerning myocardial fiber length, wall tension, or the time-dependent phenomena of contraction; moreover, pressure and work may be influenced markedly by a variety of extracardiac factors. Determination of the relation between ventricular filling pressure and stroke work over a range of filling pressures expands the utility of this relation in a given experimental animal (1, 2) , but has proved impractical in the intact animal, or in man, largely because of the rapid, reflex circulatory adjustments that accompany infusions of blood or plasma expanders (3) . In addition, this approach does not offer the possibility of quantitative comparison of ventricular contraction properties among different animals. It was considered, therefore, that a more promising avenue to the characterization of ventricular contraction in heart failure might lie in an analysis of several basic mechanical properties of the ventricular myocardium, i.e., the extent of muscle fiber and contractile element shortening, the instantaneous relations between shortening velocity and myocardial wall tension, the maximal tension attainable from a given resting fiber length, and the work of the contractile elements. Partial assessment of these factors has been possible previously in a dog prep- Temperature was maintained constant between 35 and 37°C with a heat exchanger. A balloon-tipped cannula was inserted into the root of the aorta, its tip being positioned in the sinus of Valsalva, and sudden inflation of the balloon permitted occlusion of the aortic root during a single diastolic interval (Figure 1) (7) .
Aortic and left ventricular pressures were measured through large bore metal cannulae inserted via the left subclavian artery and left ventricular (LV) apex and connected directly to Statham P23Db transducers. The first derivative of the LV pressure pulse (LV dp/dt) was obtained with an analog differentiating circuit' that exhibited a phase shift of 90°1°to a sine wave input from 0 to 160 cps, amplitude being a linear function of frequency. A flow transducer was placed around the ascending aorta, and instantaneous LV ejection rate was measured with a gated sine wave electromagnetic flowmeter2 the dynamic characteristics of which have been described (4) . The occlusive pump employed for bypass of the right heart was used to calibrate the flowmeter, with the flow transducer in situ. All measurements were recorded together with the electrocardiogram on a multichannel oscillograph3 at a paper speed of 100 mm per second.
As described previously, the diastolic pressure-volume Figure 5 , where active tension (developed tension minus resting tension) is also shown for comparison. VcE, myocardial wall tension, contractile element power, and contractile element work were also determined at 10-msec intervals during auxotonic contractions; as previously, VCE during ejection was determined as the sum of the external fiber shortening rate (VCF) and the rate of lengthening of the series elastic component (4). The extent of external shortening of the circumferential ventricular fibers of the internal equator (A\LCF) has been expressed both as total shortening distance and as shortening per circumference. The peak myocardial wall tension during auxotonic contractions has been termed P, and P/P0 refers to the ratio of P to the maximal tension achieved during an isovolumic beat (P0), induced at the same ventricular end-diastolic pressure and level of contractile state. The experiments were performed according to the following general plan: Control auxotonic and isovolumic contractions were recorded at a relatively normal level of cardiac output and left ventricular end-diastolic pressure (LVEDP). Acute heart failure was then induced either by the administration of pentobarbital (average dose = 12 mg per kg per minute) or by the administration of the beta-adrenergic blocking agent pronethalol (average dose = 2.1 mg per kg), which is known to exert a direct depressant effect on the myocardium in addition to its sympatholytic action (12, 13 reducing the output of the pump. During a steady state, isovolumic and auxotonic relations were then recorded again during acute heart failure, at the same end-diastolic volume as during the control state. In 3 dogs, acetylstrophanthidin (0.044 mg per kg) was then administered, and auxotonic and isovolumic contractions were recorded approximately 20 minutes later. In experiments 7 through 11 the output of the pump, and hence the stroke volume, were maintained constant during the induction of acute heart failure, and the LVEDP therefore increased. In these experiments, pentobarbital and pronethalol were infused over an interval of 25 to 40 minutes, and the total doses averaged 58 mg per kg and 22 mg per kg, respectively. Auxotonic and isovolumic contractions were again recorded during the steady state, when the LVEDP was well above the normal level.
Results The experiments in which end-diastolic pressure was held constant during acute ventricular failure are summarized in Table I , and those in which end-diastolic pressure was permitted to increase during failure are shown in Table II . I) Acute left ventricular failure with end-diastolic pressure constant A) Auxotonic contractions. During the control state, LVEDP averaged 4.4 mm Hg (range 2 to 7 mm Hg) and varied by no more than 0.5 mm Hg during any experiment. During acute cardiac failure, the indirect measures of ventricular contractility were reduced, maximal flow rate in the ascending aorta falling by an average of 36%, LV dp/dt being reduced by an average of 33%o, and the ratio of stroke volume to end-diastolic volume decreasing from an average value of 58% to 34%o. Since LVEDP was constant, calculated LV end-diastolic circumference was essentially unchanged before and during cardiac failure (average circumference = 10.4 cm, range = 8.92 to 14.5 cm). The change in the end-diastolic circumference during ejection was reduced by acute heart failure in each experiment, the change averaging 2.64 cm before and 1.36 cm during failure; the average percentage shortening of the circumference was 26%o in the control state and 13%7o during acute failure. B) Isovolumic contractions. Representative tracings recorded during the production of isovolumic contractions are shown in Figure 2 . Shifts downward and to the left of the tensionvelocity relations calculated from such isovolumic contractions always occurred during acute heart failure ( Figure 3 ).
II) Left ventricular end-diastolic pressure increased
A) Ausotonic contractions. In the experiments in which stroke volume was constant and Figure 4 , panels A and B. The tension-velocity relations during the same 2 auxotonic contractions are shown in Figure 4 , panels C and D, the tensionvelocity relations for the isovolumic contractions originating from the same LVEDP being represented by dashed lines. Similar plots were obtained in all 5 experiments (Table II) . During ejection, the levels of VCF at comparable wall tensions were always reduced, the average decrease being 68% (range 58 to 92%c) (Table II) 
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The VCE at maximal tension during ejection (P), when VCE and VCF were equal, was also reduced, the average decrease being 57%o (Table II) . B) Isovolumic contractions. The features of the isovolumic force-velocity relation before and during acute heart failure when LVEDP was permitted to increase are summarized in Table II , and representative curves are shown in Figure 5 .
In all experiments estimated Vm., during failure appeared reduced when compared with the Vmnx averaged for 2 control beats ( Figure 5) (Table II) . In the latter experiment ( Figure 5 ), when active tension was plotted for comparison, P0 showed no change during failure. Total tension developed at the equator increased in all 5 experiments (average increase = 15%o) ( Table   II) .
As in the experiments in which end-diastolic volume was constant, the time to maximal isovolumic tension (P0) was delayed during failure at an elevated LVEDP; during the control state, time to maximal tension averaged 129 msec (range 105 to 150 msec), and during failure these values averaged 148 msec (range 125 to 175 msec, p < 0.05).
C) Relations between auxotonic and isovolumic power, work, and tension. The instantaneous power during auxotonic contractions, represented both as power expended by the contractile elements in extending the series elastic component and as external or fiber shortening power, is plotted against time in a representative experiment in Figure 6 . The integral of each power curve represents work performed, the sum of the work done in stretching the series elastic component and fiber shortening work, minus the recoil of the SE component, representing the total CEW (Table II) . The proportionally small amount of work done in stretching the series elastic (SE) component was greatly increased during heart failure, the increases averaging 81.4%o of control, whereas circumferential fiber shortening (CF) work diminished by an average of 15%. Thus, whereas the ratio of internal SE work to external CF work averaged 16%o (range 11 to 28%o) under relatively normal conditions, in the acutely failing, dilated heart it averaged 34% (range 25 to 49%o). When SE work was considered as the work done in stretching the SE component minus the SE recoil work (net SE work, Table II), these ratios were similar, averaging 12%o in the control state and 22% during failure. The net effect of this rearrangement of internal and external work was that little alteration occurred in the total CEW, which averaged 43. Maximal contractile element power was always reduced by acute heart failure when end-diastolic volume was elevated, averaging 40 g-m per second (range 27 to 51 g-m per second) during the control period and 28 g-m per second (range 20 to 33 g-m per second) during failure. During the control state, maximal contractile element power was achieved near peak tension and was mainly composed of external (fiber shortening) power. In the failing heart, maximal power was always reached before peak tension; thus, internal power expended in stretching the series elastic component, expressed as tension, provided a greater contribution to the peak power ( Figure 6 ).
The ratio of maximal tension during ejection (P) to maximal tension developed in isovolumic beats (P0) originating from the same LVEDP was always increased by acute failure ( Figure 6 , Table  II) . During control conditions, P/P0 averaged 59% (range 46 to 67%), but during acute heart failure this ratio averaged 76% (range 66 to 90%).
Discussion
Previous studies concerned with ventricular contraction in acute, experimental cardiac failure were concerned largely with the relations between ventricular filling pressure, or volume, and the external cardiac work. Such studies have shown that spontaneous ventricular failure in the dog heartlung preparation may be associated with an increased filling pressure or diastolic volume and unchanged or diminished cardiac output and work (1, 15, 16) ; at controlled diastolic volume, external work diminishes (17) , and later studies have demonstrated that when left ventricular end-diastolic volume is held constant, a reduction in stroke volume and work occurs (18) . In experimental heart failure in the intact dog (19) and in heart failure in man (20) a smaller stroke volume may be associated with an increased diastolic volume, and geometrical considerations therefore imply that delivery of a smaller stroke volume from the same or a larger spherical volume must be associated with a reduction in the extent of shortening of the circumference; further, geometrical factors necessitate that maintenance of systolic ventricular pressure in the face of an enlarged chamber volume results in increased wall tension (21) . Finally, several studies have indicated that in the failing ventricle the rate of pressure development during the isometric phase of contraction may be reduced (22, 23) and that the time to maximal rate of pressure development may be increased (24) .
The present techniques were developed to allow a more complete mechanical analysis of the acutely failing left ventricle. Several advantages accrue from this type of analysis: First, examination of the heart in terms of its muscle mechanics should permit identification of normal and abnormal myocardial function when other problems, such as mechanical valvular defects, coexist; second, these techniques have been shown previously to be more sensitive than standard hemodynamic measures, such as the ventricular function curve, in detecting changes in ventricular contractile state (7) ; third, use of the model for muscle developed by Hill (10) allows insight into features of contractile element behavior that are not reflected in external cardiac dynamics; fourth, the methods should permit normalization and comparison of length-tension and tension-velocity relations among individuals and groups within a species; and finally, the techniques are applicable in the intact, unanesthetized animal (25) and appear to be at least partially feasible in man (26) .
We recognize that the use of a simplified geometric model introduces certain problems; thus, the characteristics of the series elastic component of the intact heart have not yet been investigated during various interventions, the intact ventricle is not uniform in shape, and there is little information concerning the distribution of myocardial wall tension in the intact heart. The stiffness of the series elastic component does not appear to change with inotropic interventions in the isolated papillary muscle (27, 28) , although alterations may be induced with large changes in resting muscle length (28) . Use of models other than the sphere may not introduce major changes in calculated volume and tension (29) , and, moreover, it is well known that the dilated ventricle tends to become more spherical in shape. Therefore, although more complex models will become necessary as the body of information concerning the intact heart increases, we do not believe that the potential limitations presently visualized seriously impair the advantages of the present methods over earlier hemodynamic techniques.
Interpretation of the experimental results can be framed usefully by referring to the three dimensional, schematic representation of ventricular contraction shown in Figure 7 , a model somewhat similar to that suggested by Fry (30) and recently utilized in reference to the behavior of isolated cardiac muscle (31) . The normal contraction pattern is shown in Figure 7A ; for simplicity, fiber length (the internal equator), rather than contractile element length has been represented on the horizontal plane. During the control beat, shortening of the contractile elements starts on the vertical, posterior plane and during the isovolumic phase of contraction reaches the tension-velocity curve appropriate to that end-diastolic fiber length until the onset of ejection (point B). During ejection a loop is described (4) that reaches point C at the end of external fiber shortening; point C lies near the length-tension curve (horizontal plane), presumably close to that point on the curve corresponding to P0 for the instantaneous fiber length at end ejection; the latter supposition, although applicable to isolated muscle (31, 32) ,
has not yet been established in the intact heart.
When end-diastolic fiber length is constant ( Figure 7B ), the length-tension curve is shifted downward during acute heart failure, and from the same end-diastolic fiber length, isovolumic tension (PO) is reduced. The isovolumic tensionvelocity relation is also shifted downward and to the left (dotted line). The loop of fiber shortening during ejection (points B to C, Figure 7B ) further indicates that both the speed and extent of shortening at similar wall tensions are reduced from a constant end-diastolic fiber length. Since PO is considerably reduced during failure whereas maximal tension during ejection is relatively well maintained, the ratio P/Po is increased.
When ventricular end-diastolic fiber length is increased during acute failure, the alteration in ventricular contraction becomes more complex ( Figure 7C ). It has previously been shown (4) that the heart operating from an increased enddiastolic fiber length follows a tension-velocity relation in which Vmax is unchanged from control, A) The control state is shown; it is also represented in both B and C by the light, solid lines. Onset of contraction is always represented by point A, onset and end of ejection by points B and C, respectively, and the end of isovolumic relaxation by point D. B) The heavy vector line indicates the pattern of contraction during failure when end-diastolic volume (ED vol) is held constant but PO is substantially increased, lying higher on the normal length-tension curve, as illustrated in Figure 7C . In the failing heart, it was shown that Vmax is diminished, whereas PO is usually little changed from control (heavy dotted line, Figure 7C ), the latter finding indicating that the length-tension curve is depressed (heavy dashed line, Figure 7C ); since, with failure, tension during ejection reaches higher levels than control, the normally large reserve between maximal auxotonic and maximal isovolumic tension is invaded substantially during failure, as reflected in the elevated ratios of P to PO. It was also shown that during failure the rate of circumferential fiber shortening is always well below control at comparable wall tensions and that the extent of fiber shortening is reduced (points B to C, Figure 7C ). Thus, the elevation of ventricular end-diastolic fiber length, coupled with the reduction in shortening, places point C near the depressed lengthtension curve. Despite these abnormalities, the increase in diastolic fiber length allows preservation of the stroke volume as well as the intravascular pressure.
We observed that an important change in the pattern of contractile element work accompanies acute heart failure ( Figure 6 ), total work being little changed and internal work increased, but external or fiber shortening work reduced (areas under shortening loops, horizontal plane, Figure 7C ). This finding is of interest relative to studies that have shown almost normal oxygen consumption, with a reduction in external cardiac efficiency in heart failure (18, 33) . When fiber shortening, rather than stroke volume, is used in the calculation of external work, a marked reduction in "external" efficiency can clearly occur even when stroke volume and mean aortic pressure are constant ( Figure 6 ). If myocardial°2 consumption is closely associated with contractile element work, as recently suggested by Britman and Levine ( 11 ) , it is possible that efficiency relative to CEW could remain relatively constant despite reductions in the stroke volume and "external" efficiency.
(point A). C) The heavy vector line represents a contraction during failure when end-diastolic volume is augmented; note that the vertical plane is positioned more posteriorly, and the contraction is therefore originating from a larger end-diastolic fiber length (point A). For further details see Discussion.
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Although time is not considered directly in the present three dimensional representation, achievement of maximal VCE and peak isovolumic tension is delayed during failure (Figure 3) . It has been shown in isolated cardiac muscle that inotropic influences that increase active state intensity result in a reduction in time to maximal isometric tension (34, 35) ; these agents produce similar effects on the time to maximal isovolumic tension in the intact heart (7, 36) . The opposite effects produced by negative inotropism in acute heart failure suggest that in the intact heart, intensity of active state is reciprocally coupled with its rate of onset and duration. It is of interest that despite prolongation of contraction the extent of fiber shortening is always reduced during failure and PO in isovolumic beats is diminished. An important implication of this finding is that limitation of the time available for contraction is not likely to be related causally to the reduced extent of fiber and contractile element shortening in failure; however, it also appears that the onset of contractile activity is slower in failure (Figure 3) , and, given a lower intrinsic VCE, tension development and external shortening could still be more time limited than normally, despite prolongation of contraction. In this connection, it has recently been suggested that in view of the apparently slow onset of active state in cardiac muscle (34, 35) , active state intensity is probably never much higher than peak isometric tension (37) . Two factors may operate to prolong isovolumic contraction in heart failure: increased tension per se (38) , evidenced by the longer duration of isovolumic contractions compared with auxotonic beats (Figures 3 and 6) , and an intrinsic prolongation of active state associated with negative inotropism and diminished active state intensity.
Potential problems with the measurement of ventricular volume by the present technique have been discussed previously (4) . In earlier studies from this labortory, both systolic tension and enddiastolic tension were kept relatively constant during various interventions, and recently we have shown that small changes in ventricular diastolic compliance can result from extension of a series viscous component in heart muscle, induced by increases in systolic tension alone (39) ; stress relaxation of the parallel viscous components of heart muscle at high diastolic pressures is also well known (40) . Since, in the present experiments, systolic tension was occasionally altered to a minor degree, and, in some experiments, substantial increases in end-diastolic volume occurred, potential errors in the calculation of volume from the pressure-volume relation in the arrested heart must be considered (41) . In previous studies in the intact left ventricle contracting isovolumically, large increases (24 to 77 mm Hg) in peak systolic pressure were necessary to induce small reductions (range 0.5 to 1.5 mm Hg) in end-diastolic pressure (39) , and it seems likely that the minor changes in systolic tension that occurred in the present experiments would not have had an appreciable influence on the diastolic pressure-volume relation. In the range of end-diastolic pressures studied in the present experiments, the effects of diastolic stress relaxation should also be relatively small (39) , and, indeed, there is little or no evidence of stress relaxation in the diastolic pressure-volume relation of the arrested heart at pressures below 12 (25) . Measurement of the tension-velocity-length relations in abnormal hearts should then prove more sensitive than previous methods for detecting cardiac depression (7) and should provide a more complete description of the contractile state. It is obvious that the present techniques for inducing acute heart failure may not provide a model of contraction analogous to that in naturally occurring heart failure. However, we have recently observed a striking similarity between the findings in the present studies and the patterns of external shortening and the tension development in human subjects with myocardial failure, in whom quite different techniques were employed (26) . The mechanism by which the barbiturates depress myocardial contraction remains uncertain. There is some evidence supporting the possibility that pentobarbital administration may be associated with membrane stabilization, reduction of the increase in sodium permeability with depolarization, and perhaps diminished inflow of calcium to the contractile sites (42) . It is of interest in this connection that reduction. in the contractile force of the isolated papillary muscle may be associated with loss of integrity of the sodium pump (43) , and whether abnormalities in membrane function or excitationcontraction coupling are of basic importance in naturally occurring myocardial failure has been subject to speculation (44) . Although the mechanisms for the depressant effects of pronethalol also remain uncertain, this drug exerts a directly toxic effect on the myocardium in the doses employed (12, 13) , and transient heart failure occurs in the intact animal after surgical ablation of the sympathetic nerves (45) . Thus, it is likely that withdrawal of sympathetic tone as well as direct effects played a role in producing acute failure in the present experiments. Finally, the mechanics of ventricular contraction in acute heart failure differ from those of naturally occurring heart failure of the chronic overload variety in that compensatory hypertrophy of the ventricular wall is absent; thus, the present studies may provide a model for failure more analogous to that occurring in severe, end-stage cardiac decompensation, when relative dilatation of the ventricular cavity may predominate over hypertrophy.
